The relationship between health care expenditure and health outcomes has been the subject of recent academic inquiry in order to inform cost-effectiveness thresholds for health technology assessment agencies. Previous studies in public health systems have relied upon data aggregated at the national or regional level; however, there remains debate about whether the supply side effect of changes to expenditure are identifiable using data at this level of aggregation. We use detailed patient data derived from electronic neonatal records across England along with routinely available cost data to estimate the effect of changes to patient expenditure on clin- 
exists in the estimates of the returns to medical expenditure between alternative programmes of care within the same study (Claxton et al., 2015) .
It is perhaps unsurprising that such variation exists both within and between research projects. Even if each study presented precise and unbiased estimates of the effect of interest, there would be heterogeneity between patient populations and the portfolio of technologies and labour inputs available to them. This has implications for the adoption of new medical technologies and decisions to increase expenditure. For such decisions, the estimated incremental cost-effectiveness is typically compared to a cost-effectiveness threshold below which new technologies or policies are recommended for reimbursement. Many authors have argued that the cost-effectiveness threshold should reflect the average changes in patient health outcomes when the health care budget has been contracted or expanded (Claxton et al., 2015) . New technologies with an incremental cost-effectiveness below this threshold will be more cost-effective on average than those services displaced and thus improve overall health care efficiency. A better understanding of which services are displaced and whether that displacement is within or between programmes of care can further improve efficiency, and hence reliable evidence of the returns to expenditure for different care types is required.
For health care systems free at the point of use, such as the National Health Service (NHS) in the United Kingdom, where individual expenditure data is not available, other methods such as comparing aggregate expenditure and outcomes are used, as demonstrated by Claxton et al. (2015) and Martin et al. (2008) . Such methods are being applied in other European countries and elsewhere. However, it is difficult to identify the supply side effect of shifts in the budget using data at the regional or national level as patient populations are not well defined between regions and over time. Indeed, the aforementioned study by Claxton et al. (2015) was subject to a substantial critique (Barnsley, Towse, Karlsberg, & Sussex, 2013) . In this study, we present an alternative approach using a hospital-unit level analysis and routinely collected cost data. We take a well-defined patient population, infants receiving neonatal intensive care, with well-defined providers, neonatal intensive care units. Using a panel of these units, we identify the supply side effect of shifts to the value of inputs to care. This study provides methods that can be used for other care types while providing new estimates of the return to medical expenditure for at-risk newborns.
PREVIOUS LITERATURE
The relationship between health expenditure and patient outcomes is the subject of a large and growing literature (see Gallet and Doucouliagos (2016) for a recent review). In many instances, the aim is to provide evidence towards an empirically derived cost-effectiveness threshold for health technology assessment (Gallet & Doucouliagos, 2016; Vallejo-Torres et al., 2016) . In England and Wales, Claxton et al. (2015) , as well as the preceding work by Martin et al. (2008) , estimated the value of the cost-effectiveness threshold in terms of the incremental cost per quality adjusted life year (QALY) gained using NHS Programme Budgeting Data. These data provide estimates of the expenditure on 23 programmes of health care within each of 152 local health care authorities. Using a number of socioeconomic variables as instrumental variables for local health care authority expenditure, such as deprivation score and levels of unpaid care, to identify the effect of expenditure on mortality rates; the average estimated incremental cost per QALY gained was £12,936. With regard to outcomes among neonates, Claxton et al. (2015) combined maternity and neonatal programmes of care into one category and assigned deaths to it on the basis of International Classification of Diseases, Version 10 (ICD-10) codes recorded on death certificates. Various cross sections of data from 2002 to 2008 were used. The authors state that there were some issues assigning patients and deaths to programmes of care, for example, 94% of infant deaths (below 1 year of age) were reassigned to programmes of care other than neonatal and maternity care even if they were treated in a neonatal unit. The estimate of the incremental cost per life saved was approximately £3.4 million, and incremental cost per life year gained was approximately £45,000 1 -significantly larger than most other programmes of care, across which the average figures were £140,000 and £12,000, respectively. In contrast, individual level neonatal data (used in this study) for 2009 to 2013 reveal that 98% of infants that died in neonatal units were recorded as having neonatal ICD-10 codes. Almond et al. (2010) estimated the marginal return to medical expenditure in a neonatal health care setting. Using a regression discontinuity design, exploiting a discontinuity around treatment provision to newborns either side of a 1,500-g birth weight threshold, the authors estimated that the cost of saving the life of a newborn with a birth weight around 1,500 g was approximately $550,000 (in 2006 US$). Nonetheless, this result is arguably not generalisable to the wider newborn population given that only 4.1% of the admissions to neonatal specialist care are for infants with birth weights within the bandwidth utilised in the study (data from the National Neonatal Research Database [NNRD; see Section 4.1]; bandwidth 1,415-1,585 g).
THEORETICAL FRAMEWORK
The health outcomes of a patient treated in a hospital is a function of the labour (L) and capital (K) inputs to their care along with underlying health at admission H. The labour and capital inputs are themselves functions of the patient's health and vary between hospitals ( ) and over time (t):
Interest lies in the identification of the effect of increasing labour and capital inputs to a given patient's care in terms of their health outcomes. Because these inputs are typically not observed, total expenditure is often used as an overall measure of the cost of inputs. Because patients in worse health are likely to receive greater inputs to their care, and the fact that health at admission cannot be fully observed, the use of expenditure data raises the issue of how to identify the supply side effects of inputs in this model. Similar econometric issues arise if patients are transferred to hospitals with greater inputs to care. We focus on a well-defined patient population whose care requirements are clearly specified and relatively homogeneous.
This study focuses on two health outcomes of babies admitted to neonatal intensive care. These are, first, mortality and, second, mobidity free survival. Neonatal care in England and Wales is categorised into three principle levels of care. These are, from most to least intensive, intensive care (IC), high-dependency care (HDC), and special care (SC). Neonatal units are classified according to the levels of care they provide, with only the highest level units providing IC. Units are organised into networks, which are comprised of units of all levels, and patients are transferred to units that provide higher levels of care if required (Gale, Santhakumaran, Nagarajan, Statnikov, & Modi, 2012) . Patients do not have a choice over provider. The levels of care are defined by the treatments that the infant received (British Association of Perinatal Medicine, 2011). As described below, a cot day at each level of care is a defined "unit" of treatment with known labour and capital inputs. The costs of these inputs are estimated by health care providers in the NHS and used to produce a national tariff. Thus, changes to labour and capital inputs to an IC cot day should be more broadly reflective of changes to labour supply, for example, rather than shifts in the patient population.
DATA AND SAMPLE

The National Neonatal Research Database
The National Neonatal Research Database (NNRD) was created by the Neonatal Data Analysis Unit (NDAU), a research unit based at Imperial College, London, and was established in 2006. The data are extracted from the individual, electronic patient records of infants treated within neonatal units in England. The NDAU holds national research ethics committee approval to create this database (reference REC 10/H0803/151) as well as the permission from the Caldicott Guardians of each National Health Service (NHS) Trust. The data are psuedoanonymised by removing patient and maternal identifiers and encrypting the NHS number of each infant. The data include a large range of variables including static descriptive variables captured once per baby, such as birth weight and gestational age at birth, episodically, such as episodes of infection and other clinical outcomes, and daily items such as treatments and procedures as well as level of care.
Sample
From the NNRD, data were extracted on all infants born and discharged or died between January 1, 2009, and December 31, 2013, and who received at least one intensive care cot day. We restrict our analysis to units designated to provide intensive care (neonatal intensive care units); intensive care provided by lower designated units is therefore temporary or for stabilising an infant prior to transport and is likely to differ from "proper" intensive care.
NHS reference costs
The NHS Reference Costs data are estimates of the unit costs of providing health care across all Healthcare Resource Groups (HRGs) in England. There are over 1,400 HRGs, which are classifications used in the NHS to categorise patients who consume the same level of resources, for example, a neonatal intensive care cot day. The estimated cost of providing one unit of an HRG for each provider, that is, NHS Trusts or NHS Foundation Trusts, is available as part of these data. The Department of Health uses these reference costs to set prices for NHS-funded services in England. The raw data at the provider level, used to calculate the average costs, were obtained for this study. These data were not adjusted for local price differences. Each provider estimates their cost for each HRG by taking into account fixed costs (e.g., depreciation), semifixed costs (e.g., nursing staff), and variable costs (e.g., drugs and consumables) (Monitor, 2014) . These costs represent different levels of factor inputs to the production of a predefined unit of care and therefore represent an estimate of g(K, L). Costs for an IC cot day do not include special or extraordinary treatments such as surgery or transfers between neonatal units.
EMPIRICAL FRAMEWORK
The framework discussed in Section 3 suggests the following individual level model. The model is specified at the individual level initially because data at this level enable us to identify which infants received intensive care, their outcomes, and various covariates predicting these outcomes.
Consider baby i admitted to the neonatal unit in hospital j in year t. Let y ijt be the health outcome, x ijt a vector of exogenous characteristics explaining infant health, and ex jt the cost per cot day in that unit. j , jt , and t are unit, unit-year, and year fixed effects, and u ijt is an error term. The equation considered is the following multilevel specification: 2
(1)
The parameter of interest to this study is the average marginal effect of health care expenditure on infant health outcomes, .
The labour and capital input data that we use is the typical neonatal intensive care cot day per hospital for the NHS reference costs data (as discussed above). We aggregate the above model to the level of the variable of interest; unit level outcomes are those of interest. 3 At the aggregated level, there is still concern that the average cost per IC cot day may be correlated with average unobserved differences in patient casemix. Sicker infants are transferred to higher level units if required, but it is plausible that the system of transfers is used to move infants to units that are better resourced (Gale et al., 2012) . Although there is little evidence to suggest this is taking place, we also consider an instrumental variables approach to estimation, to consider the causal interpretation of our results. The location of a patient's residence and the distance to the nearest hospital are likely to be conditionally independent of the characteristics of that hospital given local socioeconomic differences-neonatal units located in more deprived areas may be more likely to have a sicker casemix, because deprivation is correlated with infant health at birth, and therefore greater inputs to care. The patient is most likely to be treated in their nearest hospital. Thus, location provides a source of exogenous variation in hospital characteristics, conditional on local socioeconomic factors. This approach has been used in previous studies (Geweke, Gowrisankaran, & Town, 2003; Gowrisankaran & Town, 1999; Watson et al., 2014) . In Section 3, which presents the theoretical framework, the instrument can be seen as providing exogenous variation in the unit providing treatment, . The average IC care day costs of the nearest hospital are used as an instrument for the costs at the place of birth. The first stage is also aggregated. 4, 5 We present results from both the fixed effects (FE) estimator (i.e., within estimator) and the fixed effects instrumental variable (FE-IV) estimator. Standard errors are clustered at the unit level.
Variable definition
The outcome that we consider is the in-hospital mortality rate defined as a percentage in between 0 and 100. As a secondary outcome, we consider a measure of "morbidity free survival." A common condition among neonates treated in IC is bronchopulmonary displasia (BPD), which is a chronic lung condition associated with prematurity although normal term infants can suffer from this as well (Ehrenkranz et al., 2005) . We define morbidity free survival as 100 minus the percentage of infants who survive to hospital discharge without BPD-in this way, the outcome is also "negative" like the primary outcome. The secondary outcome does not capture the full range of morbidities that an infant may suffer from but provides an indication of the relationship between mortality and morbidity rates and inputs to IC. BPD is defined using data extracted from the NNRD. The measure of expenditure is the cost per IC cot day (HRG "XA01Z" above) in hundreds of pounds. A number of exogenous determinants of in-hospital mortality are included. These are widely used in similar models (Medlock, Ravelli, Tamminga, Mol, & Abu-Hanna, 2011) . The clinical variables included are gestational age, birth weight z-score, 6 and dummies for whether an infant's mother received antenatal steroids and female sex. Dummies for region of residence are included along with indicators for quintile of socioeconomic deprivation for the mother's home area derived from the Index of Multiple Deprivation (IMD). We also include the local market forces factor (MFF) as a covariate. The MFF is estimated by the Department of Health and represents the unavoidable cost differences in providing health care between areas, such as the cost of capital or labour inputs . Local price levels are also likely to be correlated with differences in local socioeconomic conditions and hence infant health at birth. As a secondary analysis we reestimate the model excluding the MFF and region and deprivation quintile indicators.
We consider a range of sensitivity analyses and checks for the robustness of the results to consider the effects of the various assumptions of the model and possible issues with the data. These are reported in Section 6.4. Table 1 provides summary statistics for the sample of Neonatal Intensive Care (level 3) neonatal units included in this study. Overall, 32 tertiary level neonatal units were included, which treated 7,979 infants who received at least 1 day of intensive care and from whom data was extracted. The mean (SD) cost per IC cot day across the sample was £1,198 (£367), which after adjustment for the MFF and in 2009 GBP was £1,127 (£315).
RESULTS
Summary statistics
Instrumental variable first stage results
Overall, 64% of infants in the sample were admitted to their nearest neonatal unit, and of those that were not, 71% did not have a neonatal unit designated to provide IC as their nearest unit. Eighty-nine percent of infants were admitted to a neonatal unit designated to provide IC in their nearest neonatal network. Table 2 reports the results from the first stage regression. An F-test of the instrumental variable in the first stage regression provides strong evidence that the instrument is strongly correlated with the cost variable. The estimated coefficient (standard error) was 1.11 (0.04), which supports the hypothesis that increases in the costs per cot day at the nearest neonatal unit are associated with increases in the cost per cot day at the hospital of birth. Indeed, the coefficient is greater than one indicating that infants, on average, either receive treatment at their nearest neonatal unit or a unit with greater costs per IC care day. There was little evidence to suggest that changes in the average composition of the "casemix," as measured by various clinical variables, affected the cost per IC care day. For example, the estimated coefficient for average gestational age was -0.24 (0.30), which indicates that for every week reduction in average gestational age of the casemix the average cost per cot day increases by £24. However, this is neither economically nor statistically significant. Taken together, this evidence may suggest that there is little correlation between unobserved casemix differences and cost per IC cot day. Table 3 reports the main results for infants who received at least 1 day of intensive care and who were inborn and treated in a neonatal intensive care unit with the proportion of those infants who died in-hospital as the outcome. As indicated in the table, results from different models using different controls are presented. Columns 1 and 2 do not include any controls. Addition of casemix (unit level averages of gestational age, birth weight z-score, female gender, multiple birth, and whether a full or partial course of antenatal steroids was administered) and year controls (Column 3) shows evidence of a reduction in the mortality rate associated with increases to IC cot day costs suggesting units with higher risk patient casemixes have higher costs per IC cot day. The point estimate further increases in magnitude with addition of area and socioeconomic controls (Column 4), implying positive correlations between socioeconomic characteristics of an area, the risk of mortality, and the costs per IC cot day. Instrumenting the expenditure data (Column 5) makes little difference to the point estimate; the estimated coefficient is -0.38 (0.18) implying a £100 increase in the cost per cot day leads to a reduction in the mortality rate of 0.38 percentage points, ceteris paribus. This is approximately 3.5% of the overall mortality rate for this group of infants. Table 4 reports the results with in-hospital mortality and/or bronchopulmonary dysplasia as the outcome. These results are intended to provide an indication of whether the reductions observed in the mortality rate also translate into reductions in morbidity free survival. The point estimates for the models including all the controls are comparably smaller in magnitude than the equivalent estimates for mortality despite 47% of the sample experiencing BPD and/or mortality. This suggests reductions in the mortality rate are accompanied by equivalent rises in morbidity.
Effect of expenditure on patient outcomes
Robustness and sensitivity analyses
A number of sensitivity analyses were conducted to examine the robustness of results to the assumptions of the model. First, the panel used in the main specification was unbalanced due to changes over years in the neonatal units contributing data to the Note. FE = fixed effects; FE-IV = instrumental variable fixed effects; OLS = ordinary least squares. Casemix controls are averages of gestational age, birthweight z-score, female gender, multiple birth, and whether a full or partial course of antenatal steroids was administered. Year controls are dummies for years. Area and SE controls are proportions of infants whose maternal residence was in each deprivation quintile, proportions from each region, and the market forces factor. p value: * <.05; ** <.01; *** and <.001.
NNRD. The unbalanced panel may bias the estimators if units dropping out or joining the panel differ meaningfully from the other units. We therefore reestimated the model using a balanced panel. Second, the time variable of the panel data is financial years, therefore some unit-year combinations have very few infants contributing if a unit's participation varies by calendar year.
We therefore reestimated the model dropping unit-years with fewer than ten infants. Third, it is possible that the errors are serially correlated, we therefore reestimated using a first differences estimator. Fourth, an inspection of the data (see Table 1) suggests that the year 2009/2010 appears to differ from the other years in terms of case mix and outcomes. This could be due to temporal variations in definition of intensive care. We reestimated excluding this year as a further sensitivity analysis. Fifth, there is a possibility that selecting only infants who received IC may be endogenous if units vary their threshold to provide IC in response to changes in the cost per cot day. We reestimated the model using infants born extremely preterm (<29-week gestation). Although not all of these infants receive IC, a high proportion do (approximately 82% received IC in the NNRD data). Finally, we provide results from the individual level model specified in Equation (1) with unit-year average cost per cot day to examine the effects of disaggregation. Tables 5 and 6 report the results from the various sensitivity analyses. In comparison to the primary result reported in Column 5 of Table 3, Table 5 shows that the use of a balanced panel, dropping observations aggregated from the data for a small number (<50) of infants, and using a first differences estimator makes little qualitative difference to the results. Turning to Table 6 , reestimating the model using data from the financial year 2010/2011 onwards only leads to a small increase in the magnitude of the point estimate, potentially providing evidence to support the hypothesis for a shift in the definition or provision of IC between 2009 and 2010. Selecting the sample based upon gestational age rather than IC leads to a reduction in the magnitude of the point estimates, which is unsurprising given approximately 20% of these infants did not receive IC and so would be unaffected directly by changes in the costs per IC cot day. Nevertheless, the estimated coefficients remain negative. Finally, Columns 5 and 6 in Table 6 report the results from the individual level model. The estimate from the FE model is qualitatively similar to that from the equivalent aggregated model (Column 4 of Table 3 ). However, the FE-IV estimate is quite different in magnitude and with greater uncertainty but is still negative in sign. These results are reported for comparison but should be interpreted with the caveats discussed in Section 5.
COST PER LIFE SAVED
In this section, we derive a cost per life saved from the preceding results. These calculations are based on our principal result reported in Column 5 of Table 3 . This result is interpreted as a causal effect resulting from exogenous increases to labour and capital inputs to an IC cot day. This includes, for example, improved staff to patient ratios, which we have previously shown to affect the mortality rate in neonatal intensive care (Watson et al. 2016) . The neonatal units in the sample provided 122,305 IC care days over the course of the panel (Table 1 ). It is estimated that a £100 increase in the cost per IC cot day results in a reduction in the mortality rate of 0.36 percentage points [95% CI: -0.66, -0.07]. A £100 increase in the cost per IC cot day would cost £12,230,500 and result in approximately 29 [6, 53] fewer deaths thus suggesting that the cost per infant life saved at the margin is approximately £421,740 [£230,760, £2,038,420] .
To convert the above estimates into an incremental cost per life year gained, the incremental cost per life saved can be divided by the number of life years gained. There are no suitable data on the life expectancies of infants admitted to neonatal units given that the survival rate of very preterm and preterm infants in the relatively recent past was very low. One option is to use the average life expectancy at birth for the English population today, which is approximately 81 years (Office for National Statistics, 2013). However, infants born in poor health, such as those born at a low birth weight, have below average health, education, and labour market outcomes (Black et al. 2007) , which may suggest a reduced life expectancy for these infants. However, the life expectancy of an infant born today, and particularly one who survives the neonatal period, may be in excess of 81 years given reductions in mortality rates and improvements to public health and medical care. We therefore utilise the average life expectancy of 81 years. 7 This suggests a cost per life saved of £5,210 per life year gained. The standard discount rate for benefits used by NICE is 3.5% (National Institute for Health and Care Excellence, 2013) . Using this rate gives an equivalent incremental cost per life year gained of £15,200.
These results are comparable to those from previous studies. Almond et al. (2010) estimated that for infants weighing approximately 1,500 g the cost per life saved was $550,000 in 2006 USD. This is qualitatively similar to the results from this study. Around 5% of the sample of infants in our study were of the birth weights reported in Almond et al. (2010) . Our estimates are lower than those reported by Claxton et al. (2015) for neonatal and maternity care, who reported an incremental cost per life year gained of approximately £200,000 using data from 2008 to 2010. However, they examined mortality outcomes for all infants who received neonatal care using aggregated data, the majority of whom are at a very low risk of mortality. Increases in inputs to neonatal care among infants at very low risk of mortality will likely be targeted at reducing morbidity and improving quality of life outcomes.
CONCLUSIONS
This study has examined the effect of neonatal unit expenditure on an intensive care cot day on the risk of mortality for infants receiving intensive care. Using these results, the incremental cost per life saved in neonatal intensive care was estimated at approximately £420,000. Assuming a 3.5% discount rate, this translates into an incremental cost per life year gained of £15,200. These results are comparable to a previous analysis of the returns to medical spending in at-risk newborns (Almond et al., 2010) . However, they contrast with the higher estimates determined using regional expenditure and mortality rates in England for neonatal and maternity care (Claxton et al., 2015) . This may suggest that there is wide variation between programmes of care within the health care service and indeed within a particular programme of care. With respect to the determination of an appropriate cost-effectiveness threshold this implies that whether a new technology would improve efficiency is strongly dependent on where funding is displaced from. Furthermore, the returns to medical expenditure in areas where there is a very low mortality rate cannot be judged without data on relevant morbidity and quality of life outcomes.
This study has used data routinely available in the NHS to estimate the returns to medical expenditure for a well-defined patient population to identify the supply side effects of shifts in health care expenditure. The method used in this study could be used across other types of care and in other patient populations for which patient data is available. This could provide important information for both cost-effective investment and disinvestment strategies within the health care service. However, the final estimates of incremental costs per life saved and life year gained are relatively crude calculations. Life expectancy and quality of life outcomes of infants who received intensive care is lacking. Further research is also required to estimate the benefits of increased expenditure to infants not at the margin for the risk of mortality. Furthermore, reductions in the risk of mortality can also be achieved by increasing the technical efficiency of units, such as by changing the choice of factor inputs or the manner in which those inputs are employed. Further research is required to elucidate this. In the absence of published data we have not been able to adjust the incremental cost per life year gained estimated for health-related quality of life to convert the results into the incremental cost per QALY gained, which would have been more useful for comparative purposes.
